INTRODUCTION
Although iron is an essential element for life, it becomes toxic to organisms when it exceeds the physiological requirements. Thus, a regulated uptake mechanism is fundamental to ensure adequate levels of iron inside the cells. The molecular bases underlying intracellular iron homeostasis have been only recently characterized, and the work conducted in yeast has been fundamental to unveiling its details. In Saccharomyces cerevisiae, both high-and low-affinity iron-uptake systems have been described (Kosman, 2003) . The high-affinity iron-uptake system (K m 0.15 mM) requires the reduction of Fe(III) to Fe(II) by metalloreductases such as Fre1/Fre2, which are located on the cell surface. The Fe(II) is subsequently translocated through the plasma membrane by the concerted action of Fet3p and Ftr1p (Radisky & Kaplan, 1999) . Fet3p oxidizes Fe(II) to Fe(III), which then enters the cell via the iron permease Ftr1p (Stearman et al., 1996) .
Fet3p is a blue copper protein belonging to the family of multicopper oxidases (MCO), which also includes laccases, ascorbate oxidases and ceruloplasmin, among other proteins (Solomon et al., 1996) . It possesses four structural copper atoms distributed in three different centres that have distinct spectroscopic and functional properties. The type 1 copper (T1, blue copper) is responsible for the strong absorption of these proteins at 600 nm, and it is the primary electron acceptor from the substrate. The type 2 copper (T2) and the binuclear type 3 copper (T3) centres are arranged in a trinuclear cluster that is responsible for the binding and reduction of molecular oxygen (Solomon et al., 1996) . Several differences can be observed among the various members of the MCO family. Ceruloplasmin is the most complex member of this group, with a six-domain structure possessing three T1 copper centres plus one T2/ T3 cluster (Zaitsev et al., 1999) . Ascorbate oxidase is a dimer composed of two laccase-like monomers (Messerschmidt et al., 1992) , while laccase is the simplest member of the family, containing only one T1 and one T2/ T3 centre (Piontek et al., 2002) . In this regard, ferroxidases are similar to laccases, since they also have only one T1 and one T2/T3 copper centre.
Fet3p from Sac. cerevisiae has been extensively characterized and its three-dimensional structure has been recently solved (Taylor et al., 2005) . It exhibits spectroscopic properties that are typical of blue copper oxidases, which can be predicted from the primary sequence (Hassett et al., 1998) . Its substrate specificity differs considerably from that of other MCOs: it is able to oxidize aromatic amines and iron, but not phenolic compounds, which are characteristic substrates of laccases (de Silva et al., 1997; Baldrian, 2006) . The crystal structure of the Sac. cerevisiae Fet3p and its subsequent superposition with laccase from Trametes versicolor (Piontek et al., 2002) showed several differences in the surroundings of the aromatic-substrate-binding pocket observed in laccases (Taylor et al., 2005) . It has been generally stated that Fet3p and ceruloplasmin are the only members of the MCO family that show ferroxidase activity. We have recently described MCO1, a new member of this family from the ligninolytic fungus Phanerochaete chrysosporium. In contrast to most white-rot fungi, P. chrysosporium does not produce a conventional laccase (Larrondo et al., 2003) . MCO1 can efficiently oxidize iron and aromatic amines but not phenolic compounds (Larrondo et al., 2003) , as reported for Fet3p. The analysis of the primary structure of MCO1 and, in particular, the lack of the C-terminal transmembrane domain distinctive of Fet3 proteins, support the contention that MCO1 represents an additional clade of the MCO family, different from laccases and Fet3 proteins (Larrondo et al., 2003) . Moreover, a recent and detailed phylogenetic analysis of more than 350 MCOs, including the four MCOs from P. chrysosporium , supports the latter assertion (Hoegger et al., 2006) . We decided to explore the publicly available genome database of P. chrysosporium to find out whether this fungus possesses an actively transcribed gene encoding Fet3, in addition to the gene encoding the MCO1 ferroxidase. This study led not only to the finding of Pc-fet3, whose identity was confirmed by cDNA cloning and sequencing, but also to the uncovering of Pc-ftr1, separated from the former gene by a divergent promoter. Here we describe the characterization of this genomic cluster and the analysis of the Pc-Fet3 active site through comparative structure modelling. In addition, we present preliminary expression studies that support the role of Pc-fet3 and Pc-ftr1 in iron uptake.
METHODS
Search for Pc-fet3 and Pc-ftr1. The P. chrysosporium database (http://genome.jgi-psf.org/Phchr1/Phchr1.home.html) was searched for the presence of gene(s) encoding a Fet3 protein using the Sac. cerevisiae Fet3p sequence (GenBank accession no. CAA89768) for a tBLASTN query (E 10 25 ). Only one fet3 gene model was identified. The manual examination of the neighbouring regions of the putative fet3 revealed a sequence with a high similarity to the ftr1 gene from Sac. cerevisiae (Fig. 1) . Both gene models were manually corrected and the new predictions were confirmed by cDNA cloning and sequencing (see below). No other fet3 or ftr1 sequences were identified.
Strain and culture conditions. P. chrysosporium homokaryotic strain RP-78 was obtained from the Center for Mycology Research, Forest Products Laboratory, Madison, WI, USA. Spores (10 7 per flask) were inoculated in 100 ml defined medium containing woodderived crystalline cellulose (Avicel PH-101, Fluka Chemika) as the sole carbon source (Wymelenberg et al., 2002) . Cultures were incubated at 37 uC for 6 days with constant agitation (300 r.p.m.). When indicated, cultures were supplemented with FeCl 3 to a final concentration of 0.25 mM.
RNA extraction. After 6 days of growth, the mycelium was separated from the culture fluid by filtration through Miracloth (Calbiochem) and immediately frozen in liquid nitrogen. The frozen mycelium was ground to a powder in a mortar containing liquid nitrogen, and total RNA was extracted as described by Manubens et al. (2003) .
cDNA cloning and analysis. Poly(A) mRNA was obtained from 100 mg total RNA using the mRNA DIRECT micro kit (Dynal) according to the manufacturer's instructions. Pc-fet3 and Pc-ftr1 cDNAs were obtained by reverse transcription using the Moloney murine leukaemia virus reverse transcriptase (Invitrogen) for 45 min at 42 uC. RT-PCR was conducted as described by Larrondo et al. (2003) using high-fidelity DNA polymerase (Pfu, Stratagene). The RT-PCR amplification of Pc-fet3 cDNA was primed using direct (59-CTCCTCACACAGAGCCCTCTA-39) and reverse (59-ACAGTACA-TCCTGTCCACCA-39) oligonucleotides, located at 23 and 38 nt from the predicted start and stop codons, respectively. The corresponding direct and reverse oligonucleotides employed for amplification of Pcftr1 cDNA were 59-AATGGGCAAGAACGTCTTCT-39 and 59-TT-AGTGCTTCTCATCCGTCT-39, respectively. Nucleotide sequences were determined with the ABI Prism Big Dye terminator cycle sequencing kit on ABI automated sequencers (Applied Biosystems). Sequence editing and analysis were conducted with DNAstar software. The cDNA sequences of Pc-fet3 and Pc-ftr1 have been deposited in the GenBank database under accession nos. DQ464016 and DQ464017, respectively. The deduced protein sequence of both Pc-fet3 and Pc-ftr1 was further analysed by using the SignalP and TMHMM servers (www.cbs.dtu.dk/services) for the detection of putative secretion signals and transmembrane (TM) domains, respectively (Bendtsen et al., 2004; Krogh et al., 2001) . 
Fet3/Ftr1 complex from Phanerochaete chrysosporium
Three-dimensional modelling of Pc-Fet3. A comparative model of the Pc-Fet3 protein sequence was built with MODELLER software (Sali & Blundell, 1993) using as a template the recently reported X-ray structure of Fet3p (PDB code 1zpu) from Sac. cerevisiae (Taylor et al., 2005) . The template structure shares 38 % sequence identity with PcFet3. The sequence-structure alignment used to build the model was generated through two independent but consecutive steps. First, a multiple sequence alignment among several known fungal ferroxidases was built using the MALIGN command and the default similarity matrix (as1.sim.mat) available in MODELLER. The sequences included were: P. chrysosporium Fet3 (ABE60664), Arxula adeninivorans Fet3 (CAB90817), Candida albicans Fet3 (CAA70509), Candida glabrata Fet3 (BAB62813), Neurospora crassa Fet3 (CAD21075), Pichia pastoris Fet3 (CAC33177), Sac. cerevisiae Fet3p (CAA89768) and Schizosaccharomyces pombe Fet3 (NP_594494). These sequences share between 42 and 73 % sequence identity. In this step, and based on the high overall sequence similarity shared among the sequences, stringent gap penalties were used to ensure a proper alignment of the core regions. Gap opening and extension penalties of 21000 and 2500 were used. Then, an alignment between the Pc-Fet3 sequence and the previous multiple sequence alignment was calculated. In this case, the gap opening and extension penalties were relaxed to default values: 2500 for gap opening and 2100 for gap extension. This final alignment was used to build the comparative model of Pc-Fet3, based on the known structure of Sc-Fet3p. The three-dimensional modelling was carried out using the MODEL routine from the MODELLER software. The final model for Pc-Fet3 protein includes the coordinates for those residues ranging between positions 18 and 561 (i.e. the model was built only for the central region that could be aligned with the template structure, lacking 17 residues from the N terminus and 71 residues from the C terminus). The numbering of the residues in the model corresponds to the sequential numbers in the complete Pc-Fet3 sequence.
Northern-blot hybridization. For Northern-blot hybridization studies, 10 mg total RNA was fractionated by electrophoresis in a formaldehyde-agarose gel (1.2 %, w/v) and analysed for the presence of mRNAs encoding Pc-fet3 and Pc-ftr1 as described by Manubens et al. (2003) . The cDNA probe for Pc-fet3 was prepared with the oligonucleotide primers 59-GAACATGGCGAATGCAGA-39 (direct) and 59-ATGCGGTCGGCACTCGCCC-39 (reverse), whereas the probe for Pc-ftr1 was obtained with the same primers as used for the isolation of its complete cDNA. As a control, levels of mRNA from the glyceraldehyde-3-phosphate dehydrogenase (gapdh) gene were also monitored using a cDNA probe primed with the direct (59-CCTGCACCACCAACTGCCT-39) and reverse (59-TCGTCCTCG-GTGTAGCCCGA-39) oligonucleotides. All cDNA probes were prepared by PCR using [a-32 P]dCTP as described by Mertz & Rashtchian (1994) .
Multiple-sequence analysis. Multiple-sequence alignments were constructed with the CLUSTALW method using the MegAlign software (DNAstar). Default gap opening and extension penalties (15 and 0.20, respectively; Gonnet matrix) were used to construct the alignments.
RESULTS

Identification and characterization of Pc-fet3
The P. chrysosporium database was searched for the presence of a gene encoding a Fet3 protein, as described in Methods. A single gene was identified, located in Scaffold 5 between coordinates 1 329 663 and 1 331 733 (Fig. 1) . The identity of this gene was confirmed by isolation and characterization of the cDNA from mycelium grown in Avicel medium as described in Methods. Comparison of the cDNA with the genomic sequence confirmed the presence of five introns (Fig. 2) , which contrasts with the 19 introns present in the Pc-mco1 gene . The deduced protein has 628 aa, with a predicted peptide signal of 16 aa and a putative TM domain located in the C terminus, between residues 572 and 594.
A multiple alignment was conducted with all the Fet3 sequences present in the National Center for Biotechnology Information (NCBI) database, as well as with the MCOs from P. chrysosporium using CLUSTALW (see Fig. S1 , available as supplementary data with the online version of this paper). The P. chrysosporium fet3 gene (Pc-fet3) encodes a putative MCO with high homology to other fungal ferroxidases. Among the well-characterized Fet3 proteins, the highest similarities were to N. crassa (39.2 %) and Sch. pombe (37.1 %). The alignment and the manual examination of the Pc-Fet3 coding sequence revealed that the catalytic histidines participating in the copper centres (Piontek et al., 2002) are encoded in exons II, III, V and VI. In contrast, in Pc-MCO1, these histidines are encoded in exons III, V, VI, VII, XVI, XIX and XX. Interestingly, the His codons located in exons V to VII are split by introns, exons VI and VII being only 5 and 3 nt long, respectively. Regarding the Glu residue involved in iron oxidation (see below), it is present in a modular exon in Pc-MCO1 and in a much larger exon in Pc-Fet3. For comparative purposes, these amino acids, with some of their neighbouring residues, are shown for both Pc-fet3 and Pc-mco1 in Fig. 2 . On the other hand, as reported for other Fet3 enzymes, as well as for Pc-MCO1, the axial type 1 Fig. 2 . Intron-exon composition of Pc-fet3 and Pc-mco1. Catalytic histidines (H, bold) involved in copper binding, and the glutamic acid (E, underlined) believed to be involved in iron oxidation, are indicated in their corresponding sequence contexts.
canonical ligand corresponds to a Leu residue (L506) instead of the Met or Phe residues observed in ascorbate oxidases and some laccases, respectively (Xu et al., 1998) . Further analysis of this alignment can be found in the Discussion.
Analysis of the active site in the Pc-Fet3 model
A three-dimensional model of the Pc-Fet3 protein was built using as a template the recently solved structure of Sc-Fet3p (Taylor et al., 2005) . Table 1 shows the structural mapping of important residues from the active site of Sc-Fet3p into the Pc-Fet3 model. The active site of the Pc-Fet3 model is illustrated in Fig. 3 . All the copper ligands of the T1 and T2/ T3 centres in Sc-Fet3p are conserved in the Pc-Fet3 model, which include ten histidines and one cysteine. The acidic residues E185, D283 and D409 from Sc-Fet3p that are critical for iron binding are also present in the Pc-Fet3 model (E182, D304 and D426). The acidic residues involved in oxygen binding and turnover, D94 and D458 in Sc-Fet3p, are also conserved in . Therefore, all the residues that have been described as critical for ferroxidase activity in Sc-Fet3p are present in structurally equivalent positions in the three-dimensional model of PcFet3. The only observed difference between Sc-Fet3p and PcFet3 active sites was the variation of M345 in Sc-Fet3p to F364 in Pc-Fet3. Interestingly, this latter residue is also a Phe in all the basidiomycete Fet3-like sequences available in NCBI to date and in the Sch. pombe Fet3 protein analysed in this work (see consensus sequence at position 481 of the alignment in Fig. S1 , available as supplementary data with the online version of this paper). This residue, along with another methionine that is conserved in the Pc-Fet3 model (M302), has been described as important for cuprous oxidase activity (Taylor et al., 2005) , but it has no impact on ferroxidase activity.
Identification and characterization of Pc-ftr1
Inspection of the flanking regions of Pc-fet3 revealed a sequence with 43 % identity to Sac. cerevisiae ftr1 (data not shown). As previously mentioned, Ftr1 corresponds to the permease component of the Fet3/Ftr1 high-affinity ironuptake complex (Severance et al., 2004) . Pc-ftr1 is located in Scaffold 5 between coordinates 1 332 556 and 1 334 016, just 0.8 kb away from Pc-fet3. The two genes are in opposite transcriptional orientations and therefore separated by a divergent promoter (Fig. 1) . Primers were designed to amplify the entire predicted coding region. Comparison of the Pc-ftr1 gene with its cDNA showed the presence of three introns (data not shown). The cDNA encodes a 393 aa protein with a deduced molecular mass of 43.0 kDa. To confirm whether Pc-Ftr1 possesses the TM domains observed in other Ftr1 proteins (Severance et al., 2004) , an in silico analysis was conducted using the TMHMM software. This approach led to the identification of seven putative TM domains in positions that are equivalent to those observed in other Ftr1 sequences. These TM domains are highlighted in the multiple alignment of several Ftr1 ascomycete sequences built using CLUSTALW (see Fig. S2 , available as supplementary data with the online version of this paper).
Expression of Pc-fet3 and Pc-ftr1
Expression of the fet3/ftr1 locus was analysed by Northernblot hybridization as indicated in Methods. As shown in Fig. 4 , both Pc-fet3 and Pc-ftr1 transcripts decreased dramatically upon addition of FeCl 3 to a final concentration of 250 mM. Negligible levels of these transcripts were observed 6 h after the addition of this salt to the culture medium. These results are in agreement with those obtained with other fungi (Kosman, 2003) .
DISCUSSION
We have previously described the Pc-mco1 gene from the basidiomycete P. chrysosporium (Larrondo et al., 2003) . This gene, a component of a cluster containing four MCO sequences , encodes a novel MCO with strong ferroxidase activity. This constitutes an Table 1 . Structural mapping of key residues from the active site of the Sc-Fet3p X-ray structure into the Pc-Fet3 comparative model This table shows the key residues for ferroxidase activity (copper ligands, iron binding, and oxygen binding and turnover) and also the putative residues involved in cuprous oxidase activity (Taylor et al., 2005) . Variations of identity between equivalent residues in the two structures are shown in bold type. (Larrondo et al., 2003) . In this work, we describe Pc-fet3, which encodes a canonical Fet3-like ferroxidase in P.
chrysosporium. There appears to be a single copy of this gene, as in Pichia pastoris (Paronetto et al., 2001) , Sac.
cerevisiae (Askwith et al., 1994) and C. albicans (Eck et al., 1999) . In addition, we identified Pc-ftr1, a gene encoding an iron permease that has been described as the functional partner of Fet3 (Stearman et al., 1996) . The adjacent genes lie in opposite transcriptional orientation and are separated by a divergent promoter. Based on the genome sequence, their location is distant from the MCO cluster .
Comparative analysis of Pc-Fet3 with additional Fet3 enzymes from other fungi, as well as with Pc-MCO1, may help to further clarify the structural features underlying ferroxidase activity. In the last 10 years, a considerable amount of structural/functional information has been obtained for the Sac. cerevisiae Fet3p. In addition, preliminary characterization of the Sch. pombe (Askwith & Kaplan, 1997) , C. albicans (Eck et al., 1999) , Pichia pastoris (Bonaccorsi di Patti et al., 1999; Paronetto et al., 2001) and A. adeninivorans (Wartmann et al., 2002) orthologues has contributed to a more detailed understanding of their properties and regulation. Nevertheless, no information regarding fet3 genes from basidiomycetes is available. The massive release of fungal genomes has revealed the existence of sequences predicting putative Fet3 homologues in almost all sequenced organisms, with the exception of Coccidioides immitis, Aspergillus nidulans and Coprinus cinereus (Hoegger et al., 2006) . This increase in (Taylor et al., 2005) are also shown. Fig. 4 . Effect of Fe(III) on transcript levels from Pc-fet3 and Pcftr1. P. chrysosporium was grown for 6 days in Avicel medium, after which it was harvested (C, control) or exposed to FeCl 3 to a final concentration of 250 mM for the indicated times. After the addition of this salt, cultures were harvested and total RNA was purified for Northern hybridization experiments.
the number of sequences populating the ferroxidase branch of the MCO family has been accompanied by a concomitant increase in members of the separate clade where Pc-MCO1 is located. As we had previously anticipated (Larrondo et al., 2003) , Pc-MCO1 has defined a new growing branch of the MCO family distinct from fungal laccases and ferroxidases. Hoegger et al. (2006) have given this new branch the name 'ferroxidases/laccases'.
Alignment of Pc-Fet3 with all the characterized and putative Fet3 sequences available in NCBI (see supplementary Fig. S1 ), as well as with the MCOs from P. chrysosporium, shows that Pc-Fet3 possesses a 24 aa insertion between residues 196 and 219, which is coincident with the presence of seven extra residues in the same area of Pc-MCO1. This insertion is not present in any of the ascomycete entries. Notably, insertions of variable size are consistently present in this area in the basidiomycete sequences so far deposited at NCBI (see consensus sequence between positions 299 and 324 of the alignment shown in Fig. S1 ). Three different Fet3 models from Cryptococcus neoformans, and one from Auricularia polytricha, Cryptococcus bacillisporus and Ustilago maydis, suggest that basidiomycete Fet3-like sequences might indeed have a distinctive insertion in this rather conserved domain. This observation could be of interest considering that one of the residues involved in iron oxidation (E182 in Pc-Fet3) is located nearby.
Site-directed mutagenesis in fet3 from Sac. cerevisiae has revealed the involvement of residues E185 and Y354 in catalysis. Replacement of the former by Ala leads to a 95 % reduction in enzymic activity (Bonaccorsi di Patti et al., 2000) . This E185, which corresponds to E182 in Pc-Fet3 and to E214 in Pc-MCO1 , is not present in ascorbate oxidases and laccases. With respect to Y354, its replacement by Phe in Sc-Fet3p reduces ferroxidase activity by only 50 %, indicating that it is not as critical for catalysis as E185 (Bonaccorsi di Patti et al., 2000) . This residue, conserved in all ascomycete Fet3 proteins analysed in this work, was also mapped into equivalent structural positions of the Sc-Fet3p X-ray structure and in the Pc-Fet3 model (Fig. 3, Table 1 ). All the basidiomycete ferroxidases (including Pc-MCO1) have an Arg residue in the equivalent position, with the sole exception of the U. maydis Fet3-like sequence, which also possesses a Tyr. Recent studies have also highlighted the importance of D283 and D409 from Sc-Fet3p in catalysis. These residues, according to the crystal structure of ScFet3p, are located near the T1 copper centre (Taylor et al., 2005) . The former amino acid is conserved in all the ferroxidases analysed in this study with the exception of the MCOs from P. chrysosporium (e.g. MCO1 has a Thr in the equivalent position). The D409, which corresponds to D426 in Pc-Fet3, is conserved in all the proteins analysed, including Pc-MCO1 (see consensus sequence at positions 411 and 554 of the alignment in Fig. S1 ). These two residues also mapped into equivalent positions at the active site of the Pc-Fet3 model and the Sc-Fet3p X-ray structure (Fig. 3, Table 1 ). On the other hand, the three residues described to be involved in iron binding, as well as the two residues involved in oxygen binding and turnover, are also conserved in Pc-Fet3. Their corresponding structural positions in the Pc-Fet3 model map into equivalent structural positions in the known X-ray structure of ScFet3p (Fig. 3, Table 1 ). Therefore, comparative analysis of the active sites suggests that Pc-fet3 encodes a canonical and active ferroxidase.
Pc-ftr1 encodes a 393 aa protein that shows about 38 % identity with several well-characterized Ftr1 sequences from ascomycetes, as based on CLUSTALW. Site-directed mutagenesis experiments in Sac. cerevisiae ftr1 have indicated the importance of two REXLE (Arg-Glu-XaaLeu-Glu) motifs in TM domains 1 and 4 (Severance et al., 2004) . As expected, Pc-Ftr1 contains these two key conserved motifs (see Fig. S2 ). The predicted TM 1 (aa 10-32) in Pc-Ftr1 contains a REXLE motif (RETLE) and the TM 4 (aa 180-202) contains a REXZE motif (REGME), where X and Z are most commonly Gly and Leu, respectively. Substitutions of Arg or Glu by Ala in these motifs inactivate iron uptake (Stearman et al., 1996; Severance et al., 2004) . We also found an EELWE motif associated with TM 3 and a DAXE motif located in the extracellular loop 6 that are highly conserved among Ftr1 proteins (data not shown) (Severance et al., 2004) . Interestingly, the Glu residue present in the DAXE motif (DASE in Sac. cerevisiae Ftr1p) is conserved in all Ftr1 proteins analysed, with the sole exception of Pc-Ftr1, where it is an Ala (see consensus sequence at position 362 of the alignment in Fig. S2 ). Site-directed mutagenesis experiments in the DASE motif of Sac. cerevisiae Ftr1p (Glu to Ala substitution, the same amino acid present in Pc-Ftr1) showed an enhanced capacity for iron uptake (Severance et al., 2004) . The relevance of these observations to Pc-Ftr1 activity remains uncertain, but an efficient Fet3/Ftr1 system in P. chrysosporium could have important implications for its lignocellulose degradation capabilities (see below). Additional differences between Pc-Ftr1 and Ftr1 sequences from other organisms include a 38 aa insertion near the N terminus (aa 42-79) that is also present in N. crassa Ftr1 and a DVD insertion (aa 277-279) in front of the aforementioned DAXE motif that is only present in PcFtr1 (see Fig. S2 ).
The regulation of the expression of Pc-fet3 and Pc-ftr1 is similar to that of the corresponding orthologues in Sac. cerevisiae, where mRNA levels from both genes decrease upon iron supplementation (Askwith et al., 1994; Stearman et al., 1996) . The coordinate expression of both genes is not only consistent with the presence of a divergent promoter, but also with the functional coupling of both proteins at the plasma membrane. (Xu & Goodell, 2001; Cohen et al., 2002 Cohen et al., , 2004 Hammel et al., 2002) , and to a lesser extent, by white rot fungi as well. Wood contains enough iron to make the generation of hydroxyl radicals through the Fenton reaction feasible (Koenigs, 1974) , which contrasts with other biological systems, where iron is normally sequestered in redox-inactive complexes. Although the participation of hydroxyl radicals was long ago postulated in P. chrysosporium (Forney et al., 1982; Kutsuki & Gold, 1982; Bes et al., 1983; Kirk & Nakatsubo, 1983; Faison & Kirk, 1983; Evans et al., 1984) , subsequent studies have shown that the attack of lignin model compounds by Fenton chemistry leads to products different from those detected in ligninolytic cultures or by isolated peroxidases (Kirk et al., 1985) . Nevertheless, there is evidence that supports a role for Fenton chemistry in the degradation of lignocellulose by P. chrysosporium (Kremer & Wood, 1992a, b; Backa et al., 1993; Wood, 1994; Henriksson et al., 1995; Tanaka et al., 1999) . It has been shown that cellobiose dehydrogenase (CDH), an oxidative enzyme secreted by both brown-and white-rot fungi, is capable of generating hydroxyl radicals by reducing Fe(III) and producing H 2 O 2 (Kremer & Wood, 1992a, b; Henriksson et al., 1995) . Although the real impact of these hydroxyl radicals in lignin mineralization remains controversial, increasing evidence supports their active role in accelerating the depolymerization of cellulose by disrupting its crystalline structure and facilitating the subsequent attack by hydrolytic enzymes (reviewed by Mason et al., 2003) . Another important fungal pathway for the generation of hydroxyl radical involves an extracellular hydroquinone-quinone redox cycle. Thus, the brown rotters Gloeophyllum trabeum and Postia placenta generate a hydroquinone-driven Fenton system which seems to be largely responsible for their ability to attack wood (Kerem et al., 1999; Jensen et al., 2001; Cohen et al., 2002; reviewed by Hammel et al., 2002) . Whether some of these iron-siderophore complexes produced by wood rotters also serve a role in iron uptake remains to be determined (Fekete et al., 1989; HernandezMacedo et al., 2002; Assmann et al., 2003) .
On the other hand, iron is a critical structural element for the striking set of over 150 cytochrome P450s that this micro-organism possesses (Martinez et al., 2004; Doddapaneni & Yadav, 2005) . Moreover, it is also present in the active sites of ligninolytic enzymes such as LiPs (lignin peroxidases), MnPs (manganese peroxidases) and CDH. However, in spite of the importance of iron in the process of wood decay by fungi, little is still known about its uptake and homeostasis and the impact of these processes in wood-rotting. In this regard, we would like to suggest that the presence of two types of ferroxidases in this fungus might contribute to the spatio-temporal coordination of ligninolytic and cellulolytic activities by controlling the levels of ferrous iron available for Fenton chemistry. As previously proposed (Larrondo et al., 2003) , the iron oxidase activity of the extracellular Pc-MCO1 may modulate iron-based reactions further away from the hyphae, having a potential impact on CDH-iron reactions as well as on iron-siderophore chemistry. On the other hand, the Fet3/Ftr1 protein complex may accomplish a similar role at the plasma membrane by controlling iron uptake and transport inside the cell while ensuring that its intracellular concentrations are in accordance with the physiological needs.
